In this paper, we demonstrated the growth of GaAs/GaSb core-shell heterostructured nanowires on GaAs substrates, with the assistance of Au catalysts by molecular-beam epitaxy. Time-evolution experiments were designed to study the formation of GaSb shells with different growth times. It was found that, by comparing the morphology of nanowires for various growth times, lateral growth was taking a dominant position since GaSb growth began and bulgy GaSb particles formed on the nanowire tips during the growth. The movement of catalyst Au droplets was witnessed, thus, the radial growth was enhanced by sidewall nucleation under the vapor-solid mechanism due to the lack of driving force for axial growth. Moreover, compositional and structural characteristics of the GaAs/GaSb core-shell heterostructured nanowires were investigated by electron microscopy. Differing from the commonly anticipated result, GaSb shells took a wurzite structure instead of a zinc-blende structure to form the GaAs/GaSb wurzite/wurzite core-shell heterostructured nanowires, which is of interest to the research of band-gap engineering. This study provides a significant insight into the formation of core-shell heterostructured nanowires.
Introduction
III-V semiconductor nanowires (NWs) have been studied extensively in recent years due to their unique physical properties [1, 2] and, in turn, have been used in a wide range of applications, including solar cells [3] [4] [5] , nanolasers [6] , infrared detectors [7] [8] [9] , and quantum computing [10, 11] . With their growth feature of being free-standing, NWs can withstand much higher lattice mismatch, since the strain at the hetero-interface between two different materials can be elastically relieved easily [12] . Moreover, owing to the large surface-to-volume ratio, NWs have superior performance in biosensors [13] and photoelectrochemical energy conversion [14] . Thus, NWs can be an effective solution to the preparation of semiconductor heterostructures for device applications.
To date, many growth mechanisms have been proposed to explain and synthesize these semiconductor NWs, including vapor-liquid-solid (VLS), vapor-solid (VS), oxide-assisted, and solution-liquid-solid [15] . VLS mechanism has been the most widely used mechanism for NW growth because it helps to synthesize axial [16, 17] and branched heterostructure NWs [18] with control over their size, shape, and location, while VS mechanism was proposed to explain NW lateral growth [19, 20] . Radial heterostructure NWs, consisting of core, shell or multiple shell layers, provide a new path to tailor the band-gap structure, which is essential for band-gap engineering.
In particular, III-V NWs with core-shell heterostructure possess some attractive characteristics which are promising as applications to the NW-based optical and electrical devices in the future. The NW shells would passivate the NW inner core by suppressing the surface state. Since the surface state would degrade the performance of III-V NW-based devices on electrical transportation and light emission through scattering and a nonradiative recombination process [21, 22] . Similar were results were reported on GaAs/AlGaAs [23] [24] [25] , GaAs/GaInP [26] , and InAs/InP [21] NWs with core-shell heterostructures. Besides, the type II and III band alignment of GaAs/GaSb and InAs/GaSb can help to produce the accumulation of the carriers on the core-shell interface of the heterostructures, achieving a high concentration of the carriers without the intended doping [27] . Furthermore, the transportation path and the charge carrier type of GaSb/InAsSb core-shell NWs can be tuned by changing the thickness of the NW shells and the applied bias voltage [28] . According to recent reports about InAs/InSb [29] and GaAs/GaSb [30] , research has been mainly focused on axial heterostructures, while there are few reports about core-shell NWs.
In this study, we designed a set of time-evolution experiments to understand the formation of GaAs/GaSb core-shell heterostructured NWs grown by molecular-beam epitaxy (MBE) via the assistance of Au catalyst. Four NW samples were grown by controlling the deposition time of GaSb. The structural and compositional characteristics of the grown NWs were studied by detailed electron microscopy. It is found that both GaAs cores and GaSb shells possess the wurzite crystal structure. Moreover, bulgy GaSb particles formed on the NW tips while the Au alloy catalyst diffused away when the growth of the GaSb section commences. The growth mechanism of this wurzite structure of the GaAs/GaSb core-shell NWs is discussed. Figure 1 shows scanning electron microscopy (SEM) images taken from four samples with different deposition times of GaSb, among which images of pure GaAs NWs were taken for comparison to understand the growth of GaSb shells. As can be seen from Figure 1a , vertical GaAs NWs with a high density are observed with consistent morphology and orientation. They are 700-800 nm in length, with diameters ranging from 30-50 nm. Additionally, slight tapering can be clearly witnessed, especially in the bottom region, suggesting that lateral growth occurred [31, 32] . Figure 1b is a side view SEM image of grown GaAs/GaSb NWs with a 1 min growth time of GaSb. The insert is a magnified SEM image of typical NWs, showing rugged sidewalls and evident particles on NW tips, compared with GaAs NWs in Figure 1a .
Results and Discussion
In Figure 1b , most of the NWs grow perpendicular to the substrate. A few inclined NWs were also found, probably because the existence of the catalyst supersaturation threshold, as different orientated NWs can be induced by tuning the III-Au concentration. A similar catalyst composition-induced growth has been discussed by Zhang et al. [33] . In Figure 1c ,d, with the extension of the GaSb deposition time (5 min and 15 min), NW shells are proportionally increased, leading to wider diameters, which is indicative of the NWs' predominantly lateral growth. In the meantime, unlike traditional hemisphere-shaped catalyst droplets, bulgy particles are clearly noted on NW tips. It is of interest to note that, in Figure 1c , there are obvious bends in most NWs, while these short NWs still grow perpendicularly to the substrate. This is probably caused by asymmetry strain accumulation during the NW growth. Detailed growth mechanism will be discussed. To understand detailed structural characteristics of the grown NWs, TEM investigations were performed. Figure 2a shows a bright-field transmission electron microscopy (TEM) image of a typical GaAs NW. Figure 2b ,c are magnified TEM images taken from top of the NW, corresponding to the red regions in Figure 2a respectively, where the slight tapering caused by lateral growth is consistent with the SEM image shown in Figure 1a . Some planar defects can be seen in these magnified TEM images. Figure 2d is the high-resolution TEM image of the NW and the insert is the Fast Fourier Transform (FFT) result, from which the grown GaAs NWs possess wurzite structure. To understand the composition of the catalyst, energy dispersive spectroscopy (EDS) analysis was carried out and the result is shown in Figure 2e , in which the catalyst contains Au and Ga. Further quantitative EDS analysis shows that the Ga concentration in the catalyst is 7.4 at. %. Our extensive TEM observations match perfectly with previous reports that NW structure can be tuned by catalyst composition. Zhang et al. claimed that defect-free wurzite structure GaAs NWs can be acquired with a high Ga supersaturation in catalysts (~10%), while massive intermixing defects appear when the Ga concentration is only about 1% [34] . This explains our GaAs NW with few planar defects. To understand detailed structural characteristics of the grown NWs, TEM investigations were performed. Figure 2a shows a bright-field transmission electron microscopy (TEM) image of a typical GaAs NW. Figure 2b ,c are magnified TEM images taken from top of the NW, corresponding to the red regions in Figure 2a respectively, where the slight tapering caused by lateral growth is consistent with the SEM image shown in Figure 1a . Some planar defects can be seen in these magnified TEM images. Figure 2d is the high-resolution TEM image of the NW and the insert is the Fast Fourier Transform (FFT) result, from which the grown GaAs NWs possess wurzite structure. To understand the composition of the catalyst, energy dispersive spectroscopy (EDS) analysis was carried out and the result is shown in Figure 2e , in which the catalyst contains Au and Ga. Further quantitative EDS analysis shows that the Ga concentration in the catalyst is 7.4 at. %. Our extensive TEM observations match perfectly with previous reports that NW structure can be tuned by catalyst composition. Zhang et al. claimed that defect-free wurzite structure GaAs NWs can be acquired with a high Ga supersaturation in catalysts (~10%), while massive intermixing defects appear when the Ga concentration is only about 1% [34] . This explains our GaAs NW with few planar defects. Figure 3 shows the TEM study of a typical GaAs/GaSb heterostructured NW, of which the growth time is 1 min for the GaSb section. The Moiré fringes on both sides are seen obviously throughout the entire NW, suggesting the formation of the core-shell structure. GaAs and GaSb have different lattice parameters, resulting in the strain contrast [35] . According to the high-resolution TEM image in Figure 3f , taken from the NW middle region indicated by the red line in Figure 3a , and the corresponding FFT in Figure 3g , the crystal structure of the NW can be determined to be a wurzite structure. The bulgy particle on top of the NW can be clearly observed in Figure 3e . To understand the composition of the bulgy particle on top and its underlying NW, EDS analysis was employed and the results are shown in Figure 3h , in which the particle is made of Ga and Sb, and below the particle is the GaAs NW. During the conventional growth of NWs, NWs are usually grown via the VLS mechanism on the surface activated by droplets of a catalyst, such as Au, Ag [36] , and Al [37] . The droplet can act as catalyst for the precursor decomposition or it can strongly reduce the nucleation barrier. After growth, the droplet can still be obviously noted, as shown in Figure 2c . Meanwhile, different from conventional growth, we found that the particle on the NW top is GaSb rather than the Au alloy catalyst, meaning that the Au droplet has moved away from the NW top. The Au Figure 3 shows the TEM study of a typical GaAs/GaSb heterostructured NW, of which the growth time is 1 min for the GaSb section. The Moiré fringes on both sides are seen obviously throughout the entire NW, suggesting the formation of the core-shell structure. GaAs and GaSb have different lattice parameters, resulting in the strain contrast [35] . According to the high-resolution TEM image in Figure 3f , taken from the NW middle region indicated by the red line in Figure 3a , and the corresponding FFT in Figure 3g , the crystal structure of the NW can be determined to be a wurzite structure. The bulgy particle on top of the NW can be clearly observed in Figure 3e . To understand the composition of the bulgy particle on top and its underlying NW, EDS analysis was employed and the results are shown in Figure 3h , in which the particle is made of Ga and Sb, and below the particle is the GaAs NW. During the conventional growth of NWs, NWs are usually grown via the VLS mechanism on the surface activated by droplets of a catalyst, such as Au, Ag [36] , and Al [37] . The droplet can act as catalyst for the precursor decomposition or it can strongly reduce the nucleation barrier. After growth, the droplet can still be obviously noted, as shown in Figure 2c . Meanwhile, different from conventional growth, we found that the particle on the NW top is GaSb rather than the Au alloy catalyst, meaning that the Au droplet has moved away from the NW top. The Au droplets obviously remain on the NW tops during the GaAs growth, thus, this movement of Au droplets should happen during the GaSb growth. For further investigation, detailed TEM and EDS analyses were performed on NWs grown with 5 min growth time of GaSb. Figure 4a is a bright-field TEM image of a typical GaAs/GaSb NW. Figure  4b -d are magnified TEM images taken from different sections of the NW, corresponding to region I, II and III, respectively. The Moiré fringes appear throughout the NW and are even more obvious than those of the NW shown in Figure 3 . Moreover, as can be seen in Figure 4a , together with previous SEM image of Figure 1c , the NWs show distinct curvature. From Figure 4b -d, asymmetric strain contrasts are noted by comparing both sides of the NW: a thin strip of strain contrast can be witnessed on the left side, while on the right side of the NW, apart from the Moiré fringes, some thicker rugged and discontinuous shells can be found with much less obvious strain contrast, as indicated by arrows. For further investigation, detailed TEM and EDS analyses were performed on NWs grown with 5 min growth time of GaSb. Figure 4a is a bright-field TEM image of a typical GaAs/GaSb NW. Since the lattice parameter of GaSb (a = 6.0959 Å) is larger than that of GaAs (a = 5.6533 Å), more tensile stress will be produced on the thicker side of the shell when GaSb sheathes on the surface of GaAs, forcing the NW become concave toward thinner side of the shell. When NWs grow with little curvature, more growth species would be deposited on the convex surface, compared with the concave side, leading to more serious curvature. This can be also verified by the EDS data in Figure 5 , especially in Figure 5c ,d, corresponding to positions III and II of the NW in Figure 5a , respectively, where a much thicker shell can be observed. As the EDS scanned from left to right, two Sb peaks can be easily recognized and the left peak is stronger than the right one, meaning that a higher Sb concentration is on the left side than on the right side, i.e., a thicker GaSb shell formed on the left.
Thus, lattice mismatch between the core and shell increases together with the thickness of shell layer until relaxation, as long as the growth of GaSb continues, leading to strong asymmetry strain accumulation in the shell. Furthermore, discontinuous GaSb shell layers around GaAs cores are also noted both in Figures 3 and 4 , which may be attributed to the variation of surface energetics, as well as surface contamination and native oxide [38] . Since the lattice parameter of GaSb (a = 6.0959 Å) is larger than that of GaAs (a = 5.6533 Å), more tensile stress will be produced on the thicker side of the shell when GaSb sheathes on the surface of GaAs, forcing the NW become concave toward thinner side of the shell. When NWs grow with little curvature, more growth species would be deposited on the convex surface, compared with the concave side, leading to more serious curvature. This can be also verified by the EDS data in Figure 5 , especially in Figure 5c ,d, corresponding to positions III and II of the NW in Figure 5a , respectively, where a much thicker shell can be observed. As the EDS scanned from left to right, two Sb peaks can be easily recognized and the left peak is stronger than the right one, meaning that a higher Sb concentration is on the left side than on the right side, i.e., a thicker GaSb shell formed on the left.
Thus, lattice mismatch between the core and shell increases together with the thickness of shell layer until relaxation, as long as the growth of GaSb continues, leading to strong asymmetry strain accumulation in the shell. Furthermore, discontinuous GaSb shell layers around GaAs cores are also noted both in Figures 3 and 4 , which may be attributed to the variation of surface energetics, as well as surface contamination and native oxide [38] . As for former samples, the shell layers' crystal structure cannot be easily determined because of their short growth time. Thus, detailed TEM characterization was carried out on NWs with 15 min growth time of the GaSb section. Figure 6 is a high-resolution TEM image taken from a section of the core-shell region, in which a high density of lattice defects can be observed because of a large lattice mismatch (up to 7.5%) between GaAs and GaSb. According to the TEM image and the insert selective area electron diffraction (SAED) pattern taken from the shell region, the shell region can be determined to be a wurzite-dominant structure. As for former samples, the shell layers' crystal structure cannot be easily determined because of their short growth time. Thus, detailed TEM characterization was carried out on NWs with 15 min growth time of the GaSb section. Figure 6 is a high-resolution TEM image taken from a section of the core-shell region, in which a high density of lattice defects can be observed because of a large lattice mismatch (up to 7.5%) between GaAs and GaSb. According to the TEM image and the insert selective area electron diffraction (SAED) pattern taken from the shell region, the shell region can be determined to be a wurzite-dominant structure. In addition, since we have confirmed the formation of GaSb particles on NW tips, the locations of the Au catalyst droplets should be determined. As it can be seen from Figure 5b ,c, the Au can barely be detected. Although detailed EDS analysis was performed on over a dozen of the core-shell NWs, in some cases a small particle was found in the side walls of the GaAs/GaSb NWs. Figure 7 shows an example. In Figure 7a , the particle marked by P1 shows distinct image contrast against other areas close-by, marked by P2 and P3, which were taken from sidewall and middle region, respectively, and placed close to the P1 position for better comparison. The particle was verified by EDS in Figure 7b , and this evidently illustrated that Au particles move downward during the GaSb growth. We account for this movement of Au particles in terms of growth kinetics, since the interfacial energy of Au-GaAs is different with Au-GaSb, which could interrupt the equilibrium of crystallization when Sb atoms entered into the Au particle, leading to the different morphology [16] . It has been well documented that the axial growth mode under VLS mechanism [3, 4] , as well as the lateral growth mode which is regulated by VS mechanism [19, 20] , are two dominating and competing growth modes during the general Au-assisted growth of III-V NWs. For the axial growth of NWs by MBE, growth species are provided by surface adatoms diffusing towards the catalyst [39] , and the chemical potential difference between the catalyst and the NW acts as the driving force. In addition, since we have confirmed the formation of GaSb particles on NW tips, the locations of the Au catalyst droplets should be determined. As it can be seen from Figure 5b ,c, the Au can barely be detected. Although detailed EDS analysis was performed on over a dozen of the core-shell NWs, in some cases a small particle was found in the side walls of the GaAs/GaSb NWs. Figure 7 shows an example. In Figure 7a , the particle marked by P1 shows distinct image contrast against other areas close-by, marked by P2 and P3, which were taken from sidewall and middle region, respectively, and placed close to the P1 position for better comparison. The particle was verified by EDS in Figure 7b , and this evidently illustrated that Au particles move downward during the GaSb growth. We account for this movement of Au particles in terms of growth kinetics, since the interfacial energy of Au-GaAs is different with Au-GaSb, which could interrupt the equilibrium of crystallization when Sb atoms entered into the Au particle, leading to the different morphology [16] . In addition, since we have confirmed the formation of GaSb particles on NW tips, the locations of the Au catalyst droplets should be determined. As it can be seen from Figure 5b ,c, the Au can barely be detected. Although detailed EDS analysis was performed on over a dozen of the core-shell NWs, in some cases a small particle was found in the side walls of the GaAs/GaSb NWs. Figure 7 shows an example. In Figure 7a , the particle marked by P1 shows distinct image contrast against other areas close-by, marked by P2 and P3, which were taken from sidewall and middle region, respectively, and placed close to the P1 position for better comparison. The particle was verified by EDS in Figure 7b , and this evidently illustrated that Au particles move downward during the GaSb growth. We account for this movement of Au particles in terms of growth kinetics, since the interfacial energy of Au-GaAs is different with Au-GaSb, which could interrupt the equilibrium of crystallization when Sb atoms entered into the Au particle, leading to the different morphology [16] . It has been well documented that the axial growth mode under VLS mechanism [3, 4] , as well as the lateral growth mode which is regulated by VS mechanism [19, 20] , are two dominating and competing growth modes during the general Au-assisted growth of III-V NWs. For the axial growth of NWs by MBE, growth species are provided by surface adatoms diffusing towards the catalyst [39] , and the chemical potential difference between the catalyst and the NW acts as the driving force. It has been well documented that the axial growth mode under VLS mechanism [3, 4] , as well as the lateral growth mode which is regulated by VS mechanism [19, 20] , are two dominating and competing growth modes during the general Au-assisted growth of III-V NWs. For the axial growth of NWs by MBE, growth species are provided by surface adatoms diffusing towards the catalyst [39] , and the chemical potential difference between the catalyst and the NW acts as the driving force. Nevertheless, GaSb cannot grow axially for the lack of Au catalyst particles, which makes it preferential for VS-dominated growth. Furthermore, it is liable for the relatively heavy Sb atoms (whose atomic number is 51) on the surface because of its low volatility [40] , leading to a weakened axial growth and an enhanced lateral growth, since the lateral growth takes place during the VLS-dominated growth of GaAs NWs, as shown in Figure 2a . While VLS-axial growth terminates, direct MBE deposition of GaSb continues, dramatically changing the sidewall morphology and resulting in very rough facets along the growth direction of NWs and undulating sidewalls, as shown in Figure 1d . Moreover, the growth temperature we adopted was 380 • C, which is lower enough than that of previous reports [30, 41] . The diffusion ability of adatoms lessens as temperature drops, making a lower temperature favorable for VS-dominated lateral growth. Thus, sidewall nucleation and growth of GaSb shells start on the grown GaAs NWs with the introduction of Sb, under the joint influence of these factors, leading to the formation of GaAs/GaSb core-shell heterostructured NWs.
Additionally, owing to the absence of Au droplets, GaSb deposited on the top region of NWs undergoes VS mechanism, similar to the growth of GaSb shells. The morphology was restrained by Wulff construction [42, 43] , in which facets with low surface energies are preserved, while facets with high surface energies disappear, giving rise to the formation of bulgy GaSb particles on NW tips [44] .
As for the GaSb shell with a wurzite-dominant structure, this finding has seldom been discussed before. It has been reported that shell layers would take the same structure as their core NWs during the growth of core-shell NWs, such as InAs/InP [45] , GaAs/InAs [31, 46] , and GaAs/GaAsSb [47] . The structure of shell layers, whether of wurzite or zinc-blende structure, is determined by the maximum change of Gibbs free-energy for wurzite and zinc-blende structures. Based on the VS-dominant growth mode, the Gibbs free-energy change can be described as follows [48] :
where A represents the lower (or upper) surface area of the nucleus, ∆µ is the chemical potential difference for each pair of III-V atoms between vapor-solid phases, α is the area of III-V atoms pair on the nucleation surface, P and h are perimeter and height of each nucleus, and γ vn and γ sn are the vapor-nucleus interface energy and solid-nucleus interface energy, respectively. Also, there is additional wurzite to zinc-blende structure transition energy (∆γ p ) for a zinc-blende nucleus on wurzite structure GaAs sidewalls, compared with the formation of a wurzite structure. In the meantime, each pair of GaSb atoms needs higher energy to form a wurzite structure (∆E~36 meV) than that for a zinc-blende structure, according to the density functional calculations [44] . Thus, it is preferential for GaSb to form a wurzite structure instead of a zinc-blende structure if ∆E < ∆γ p , which is expected under this growth condition. As the band-gap can be tuned by crystal structure [49] , this wurzite GaAs/GaSb NW is of interest to the field of band-gap engineering.
Materials and Methods
GaAs/GaSb NWs were grown on GaAs(111)B substrates by Riber-32 R@D MBE system with Au particles acting as catalysts. Prior to NW growth, a pretreatment procedure including degassing and deoxidation was employed to desorb surface contaminants. Then, a 200-300 nm thick GaAs buffer layer was grown on the substrate to achieve an atomically flat surface in the growth chamber. After that, the substrate was transferred into an Au evaporation chamber, which is a buffer chamber of a typical Riber MBE system, and an ultra-thin Au film was deposited on the substrate at room temperature from the Knudsen cell. After deposition, the Au-coated substrate was transferred into the growth chamber and annealed for 5 min at a temperature of 500 • C to generate Au nanoparticles. The GaAs substrates were under As 4 ambient overpressure to avoid decomposition during the annealing process. The NWs were grown by switching on the Ga source at the growth temperature. Each source flux was controlled by beam equivalent pressure (BEP) measured with ion gauges. GaAs stem was grown first, followed by GaSb segment. All GaAs NWs were grown for 20 min with constant As 4 (4.0 × 10 −6 Torr) and Ga (2.6 × 10 −7 Torr) flux BEP, respectively.
Subsequently, the As 4 source was switched off and the Sb source was opened until the GaAs NWs' growth finished. GaSb growth times were set for 1 min, 5 min and 15 min, separately, under a fixed V/III flux ratio of 1.3. Then, the Sb source and the Ga source were switched off instantly and the substrate was cooled down in As 4 ambient until 300 • C at the end of the growth period. The surface morphology of the as-grown NWs was investigated by scanning electron microscopy (SEM, FEI Sirion200). The crystal structure was characterized by transmission electron microscopy (TEM, FEI Tecnai F30) with an energy-dispersive spectroscopy (EDS) for compositional determination, operated at 300 kV.
Conclusions
In summary, we demonstrated MBE growth of GaAs/GaSb core-shell heterostructured NWs using Au catalysts. The structural and compositional characteristics of GaAs/GaSb NWs with different growth times for the GaSb section were investigated. Growth of the GaAs stem is VLS-dominated, while the GaSb nucleated on the sidewalls of the grown GaAs core NWs with a wurzite structure under VS growth, forming GaAs/GaSb core-shell heterostructures. This wurzite structure GaAs/GaSb core-shell NWs, caused by the movement of Au particles and Sb-induced modifications in the thermodynamic and kinetic process, would provide a significant insight into the formation of core-shell heterostructured NWs using MBE.
